Abstract: Tet (ten-eleven translocation) family proteins have the ability to oxidize 5-methylcytosine (mC) to 5-hydroxymethylcytosine (hmC), 5-formylcytosine (fC), and 5-carboxycytosine (caC). However, the oxidation reaction property of Tet protein is not understood completely. Evaluation of genomic-level epigenetic changes by Tet protein requires unbiased identification of the highly selective oxidation sites. In this study, we used high-throughput sequencing to investigate the sequence specificity of mC oxidation by Tet1 protein. A 6.6×10
Introduction
Methylation and demethylation of cytosine in DNA has attracted attention recently as epigenetic control of gene expression. Since the discovery of the ability of Tet (ten-eleven translocation) family proteins to convert 5-methylcytosine (mC) to 5-hydroxymethylcytosine (hmC) and further to 5-formylcytosine (fC) and 5-carboxy cytosine (caC) (Fig. 1) . [1] [2] [3] In fact, many methods to detect hmC, fC, and caC in genomic DNA have been developed, [4] [5] [6] [7] [8] [9] [10] [11] and all of these oxidized derivatives of mC are known to exist in mammalian tissues. [1, 2, [12] [13] [14] [15] [16] Thus, mechanism of demethylation has drawn current interest because of their essential roles in epigenetic gene regulation, embryogenesis and cellular reprograming. [17] [18] [19] Wu et al. performed a ChIP-seq study using antibody specific for Tet1 and revealed that Tet1 binds preferentially to CpG-rich sequences in mouse ES cells. [20] Although this study was very informative about many aspects, the process examined was limited to the binding site of Tet1. We believe that it is also important to reveal the Tet-reactive sites to identify the reversible methylation region, and we developed a method to reveal these sites.
The advent of high-throughput sequencing has initiated great progress in the study of genomes. The application of highthroughput sequencing is not limited to the analysis of genomic information. For example, Meier et al. used high-throughput sequencing to reveal the binding sequence of pyrrole-imidazole polyamide, which is known to bind to the minor groove of DNA in a sequence-specific manner. [21] Anandhakumar et al. reviewed the importance of high-throughput sequencing in the chemical biology. [22] In this study, we used high-throughput sequencing to identify the specific DNA sequence with which Tet1 prefers to react.
Results and discussion
To identify the Tet1-reactive site, we first prepared a pool of DNAs containing mC flanked by random 8-mer sequences (Fig.  2) . We incubated this pool of DNAs with three different concentrations of Tet1 protein. Only Tet1-reacted DNAs were enriched with anti-hmC monoclonal antibody, because mC to hmC conversion occurs efficiently only in the regions where Tet1 protein reacts easily. The enriched DNAs were sequenced further by high-throughput sequencing. The binding efficiency of the anti-hmC monoclonal antibody toward the oligomers was assessed using 6-mer DNA containing either mC or hmC. The results are shown in Supplementary  Figure 1 . [23] The results clearly indicated the specificity of antibody toward hmC even with short oligomers. The sequenced reads were processed by splitting based on barcodes and filtering the low-quality reads. The enrichment sequence and its corresponding common nucleotide arrangement pattern (motif) were derived with respect to the control using Bind-n-Seq analysis and the MEME algorithm ( Table 1, Supplementary Tables 1 and 2 ). [24] [25] [26] Supporting information for this article is given via a link at the end of the document. novo motif analysis with more stringent cutoffs to minimize background, we defined the highly enriched sequences as intermediate motifs (Supplementary Figure 2) . [24] Each motif produced different sequences, but the sixth position (next to hmC toward the 3ʹ′ end) remained with highly similar bases for the pool of DNA treated with a low concentration (0.0663 µM) of Tet1 protein. The reads corresponding to intermediate motifs were merged together and used to define the final motif (Fig. 3) . When the DNA pool was incubated with a high (6.63 µM) or medium (0.663 µM) concentration of Tet1 protein, almost no sequence specificity was observed for the mC-oxidation reaction by Tet1 protein (Fig. 3(a) and (b)). However, when the DNA pool was incubated with a low (0.0663 µM) concentration of Tet1 protein, obvious sequence specificity for the 3ʹ′-region of hmC was observed (Fig. 3(c) ). The 3ʹ′-region contained G:C in a 3:1 ratio. These results suggests that, at higher concentrations, Tet1 protein oxidize mC regardless of the flanking DNA sequence, but at lower concentrations, Tet1 protein reads the flanking DNA sequence for mC oxidation. In eukaryotic cells, it is possible that the local concentration of Tet1 protein is strictly regulated by various kinds of Tet1-associating proteins to control the oxidation reaction of mC. [27, 28] To assess the Tet1-reactive site at the genome scale, we obtained data for hmC-specific SMRT sequencing of the mESC genome. [29] Using these data, we identified motifs specific to hmC and to hemi-hmC in both the + and -DNA strands; the motifs are shown in Supplementary Figure 3 . The results correlated well with the identified reactive sites: the nonselective 5ʹ′-region and the selective 3ʹ′-region of mC. From our study, we conclude that the mCpG sequence can be a good reactive substrate for Tet1 protein. This result also suggests that Tet1 protein can reverse the methylation at mCpG regions. To confirm this conversion at the genomic scale, we plan to perform genomic-level Tet1-reactive-specific pull-down and sequencing assays. 
Conclusions
We used high-throughput sequencing to identify the reactive sequence of Tet1 protein. This is the first study to use high-throughput sequencing to reveal the sequence specificity of this enzymatic reaction. This novel method is applicable for identifying the reactive sequences of other enzymes that act on DNA. This method with a standardized reactive enzyme concentration can be used in studies at the genomic and cellular levels. 
Experimental Section
To identify Tet reactive site we used broad context of randomized DNA sequences with mC. For the DNA sequence library construction, previously reported Bind-nSeq experiments [21, 22, 30] were customized with the modifications suitable for Tet reaction and Ion semiconductor sequencer. The experimental strategy consists of three major phases, as follows 1) mTet1 and its oxidative substrate DNA preparation: mTet1 active domain (1367-2039) was purchased from Wisegene (USA), stocked in 20 mM HEPES (pH 7.4), NaCl 50 mM, glycerol 50%.
Ion semiconductor sequencer specific adapters ligated 9 mer randomized DNA library was synthesized. The ssDNA library contains 8 randomized (N) nucleotides and one mC in the 5 th position (Library sequence details provided in the supplementary information). Duplex Tet reactive DNA library was obtained through primer extension of ssDNA library with adapter specific PE primer in 200 µL reaction containing 1xGoTaq Green Master Mix (Promega) with 500 µM MgCl2. Reactions were performed 95°C /2 min, 60°C /1 min, 70°C /5 min and then cooled down to 4 °C using Bio-Rad T100 thermal cycler.
2) mTet1 oxidation specific pulldown:
To prepare hmC antibody-supported magnetic beads, 50 µL of Dynabeads Protein G (Life Technologies, USA) was transferred to 0.2 mL PCR tube, and stock solution was removed after magnetic separation. Magnetic beads was dissolved in 12 µL of monoclonal 5-hydroxymethylcytosine antibody (Active Motif, USA) and 188 µL of PBS (pH 7.4) with 0.02% Tween-20, and then incubated at 4 °C for 10 min with rotation. To check whether hmC-containing DNA fragment is selectively attached to prepared hmC antibody-supported magnetic beads, 1 µL of 200 µM 5'-d(CGmCGCG)-3', 1 µL of 200 µM 5'-d(CGhmCGCG)-3', 48 µL of Milli-Q, and 200 µL of IP buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl (pH 8.0), 167 mM NaCl) was added, then incubated at 4 °C for 18 hours. After incubation, the sample tube was placed on a magnetic stand. Then the supernatant was taken and analyzed by a high-performance liquid chromatography (HPLC) system (JASCO) equipped with a reversed-phase ODS column CHEMCOBOND 5-ODS-H (Chemco Scientific). Elution was done with 50 mM ammonium formate containing 0-3% acetonitrile in a linear gradient at a flow rate of 1.0 mL min −1 for 30 minutes, at 40 °C. mC-containing randomized duplexed DNAs (1.08 µM) were incubated with 0.0663, 0.663, or 6.63 µM of mTet1 protein in 50 mM HEPES (pH 8.0), 100 mM NaCl, 2 mM L-ascorbic acid, 1 mM 2-oxoglutarate disodium salt hydrate, 105 µM Fe(NH4)2(SO4)2 6H2O, 1.2 mM ATP and 2.5 mM DTT at 37 °C for 1 hour in 50 µL reaction, and then 200 µL of IPbuffer was added to the reaction. Whole 250 µL of Tet reaction and 200 µL of hmC antibodysupported magnetic beads were mixed together and incubated with rotation at 4 °C for 24 hours. After incubation, the reaction sample was washed with 200 µL of PBS (pH 7.4) three times. The duplexed DNAs containing hmC were finally eluted with 50 mM glycine (pH 2.8) followed by neutralization with 1 M TrisHCl (pH 7.5).
3) Sequencing and data analysis:
Antibody-enriched DNA was diluted 1:10 and amplified with sequencing library Ion sequencing library amplification kit inorder to attain sufficient library for sequencing template preparation. After amplification the libraries were purified. 318C chip (Life Technologies, USA). The sequenced reads were separated into individual files based on the unique 10-nt ion Xpress-barcode used in the library construction using the Ion torrent suit 4.2.1. High quality reads (containing only A, C, T, or G) without homopolymer error and unique random region were filtered. The reads containing "C" at the fifth position were extracted for the further analysis. To identify the mTet1 reactive site from the enriched unique DNA sequences, mTet1 enriched data were normalised with negative control (No mTet1). The differentially enriched sequence motifs (intermediate motifs) were identified using Bind-n-Seq analysis (http://korflab.ucdavis.edu/Data sets/BindNSeq.27). [24] Based on the intermediate motif sequences the final motif was obtained. Highly enriched (mTet1 oxidative site) final motifs were created using WebLogo (http://weblogo.berkeley.edu) and further confirmed with MEME motif analysis algorithm. [24, 25, 31] Fig. S1 Pulldown of hmC-containing 6-mer DNA using magnetic beads coated with antihmC antibody. 
